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The application of Variance Reduction Techniques (VRT) in Monte Carlo (MC) codes brings
significant improvement in efficiency and a significant profit in the time of simulation.
Monte Carlo radiation transport codes have provided by these techniques to solve the time
problematic. BEAMnrc Monte Carlo code has several techniques, that have enabled to be
the best and fastest code, Including rang rejection, photon forcing, splitting of photon or
electron, (Direction, Selective and Uniform) Bremsstrahlung Photon Splitting and Russian
roulette (RR). This paper aims to analysis the variance reduction techniques available in
BEAMnrc code, validation BEAMnrc model for simulation a Saturne43 accelerator of 12 MV
photon beam, and comparing between MCNPX and BEAMnrc.
The results obtained show that employing of Direction Bremsstrahlung Photon Splitting
(DBS) technique alone or combined with others techniques lead to enhance the efficiency
in BEAMnrc simulation. It improves by 16 times compared with Selective Bremsstrahlung
Photon Splitting (SBS), 3.7 times (without RR) and it increases about 29 times (with RR)
compared to Uniform Bremsstrahlung Photon Splitting (UBS), and also the efficiency in-
creases by factor of 1130 compared to analogue simulation.
A good agreement between measurement and calculation of PDD curves for 10 10 cm2
of 12 MV photon beam with local differences less than 2% has been obtained.
BEAMnrc has an efficiency greater than MCNPX code in case of analogue simulation
(without VRTs).
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Monte Carlo methods are simulation algorithms using to es-
timate a numerical quantity in a statistical model of a real
system and it is practical and accurate way to simulate ex-
periments that would be difficult or impossible to carry out
(Kleijnen, Ridder,& Rubinstein, 2010). The computer programs
has used to executing it. Due to the limits of the computer's
speed, the variance reduction techniques were introduced to
improve the efficiency and time of simulation.
Monte Carlo method is a statistical nature, it is possible to
estimate the statistical errors (variance) of the results gained
which based on the number of simulated events. Acquiring
results with low errors necessitate a long computation time,
therefore several algorithms have been introduced to shorten
simulation. Variance reduction techniques are algorithms
that lead to simplify the calculating or reducing the time and
the variance (statistical error) of simulation (Ayles, 2009).
BEAMnrc is a Monte Carlo code that wildly used for beams
simulation in radiotherapy. There are many papers and pub-
lished studies are used it. But variance reduction techniques
vary from a study to another. These techniques involve (Di-
rection, selective and uniform) bremsstrahlung splitting,
photon forcing, range rejection and enhance cross section.
This work aims to evaluate VRTs in BEAMnrc.
Our approach is summarized by:
- Simulation a Saturne43medical linear accelerator of 12 MV
using BEAMnrc code.
- Modeling a water phantom that has the same dimensions
of experimental phantom using ION CHAMBER competent
model (CM).
- Identify the uncertainty on absorbed dose for analogue,
and then for each VRT simulation.
- Efficiency calculation.2. Material and method
2.1. Monte Carlo code
BEAMnrc (Rogers et al., 2001) Monte Carlo based on EGSnrc
code, it was used to perform the simulation of a linear accel-
erator's head. The accurate model of Linac geometry is
necessary to avoid the errors associated with the simulation
processes.
BEAMnrc is capable to calculate the dose distribution in Ion
Chamber CM that is used as a water phantom. The un-
certainties which are associated with the dose distribution in
water phantom allows us to study BEAMnrc's VRTs. Default
EGSnrc transport parameters which are used in our simula-
tions, (AE ¼ ECUT ¼ 521 keV and AP ¼ PCUT ¼ 10 keV) as the
particle production threshold and transport energies for
electron and photon respectively.
Our methodology includes, testing each technique sepa-
rately and then combined with other technique.
After that, BEAMnrc has been used to calculate the dose
distribution, Percentage Depth Dose (PDD) of 12 MV photonbeam for 10 10 cm2 in water phantom that has a dimension
of 40  40  40 cm3, for determine the best match between
calculated and measured dose. Gamma index criteria has
been employed to compare our results with experimental
data.
2.2. Linear accelerator
A head of Saturne43 accelerator of 12 MV photon beam has
been simulated. Its components (target, primary collimator,
flattening filter and jaws) were set to create a field size of
10  10 cm2 at Z ¼ 100 cm. It associated with a water phantom
placed at Z¼ 90 cm or surface source distance (SSD) equal
90 cm as shown in Fig. 1. All thematerials and the geometrical
parameters of the accelerator have been provided by the
group EURADOS (WORKING GROUP6, LNHB, 2010).
2.3. Variance reduction techniques in BEAMnrc
Employing of variance reduction techniques in BEAMnrc code
led to improve the efficiency of simulation, in other words
reducing the Computing Unit processes (CUP) time of simu-
lation and statistics error. Knowing that these techniques do
not effect on the interested results as dose calculation. In the
following section we review some information about these
techniques as range rejection, Bremsstrahlung Photon split-
ting and Russian roulette, photon forcing and Bremsstrahlung
Cross Section Enhancement.
2.3.1. Range rejection
It is one of the VRTs that can improve the efficiency of treat-
ment head simulation and saved the computation time during
the simulation when the contribution from the bremsstrah-
lung and annihilation photons is negligible (Rogers et al. 1995).
In general, this technique is always activated in all cases of
simulation with a difference energy threshold which deter-
mined by the user. It depends on the initial electrons energy.
Its mechanism summarized as follows if an electron that has
lower energy than cutoff (determined by user), so its histories
will be end and its energy is deposited in the current region.
The use of this technique does not affect the results but the
increasing of low-energy cutoff for electron transport led to
reduce a lot time of the simulation and have affected on dose
distribution (Sheikh-Bagheri, Kawrakow, Walters, & Rogers,
2006). ESAVE is a parameter available in BEAMnrc allow us
to select the threshold energy of the electron (Rogers et al.,
1995).
In practically, we can applied it in the primary collimator
which locate under the target directly. In order to avoid follow
up the photons resulting from the target that moves away
from the beam.
2.3.2. Photon forcing
During the simulation we can applied the photon forcing op-
tion to increase the probability of interaction of a photon with
component modules of accelerator. This option aims to
ameliorate the statistics of the photons that dispersed when a
photon interactions sparse. A photon forced at any CM is split
into a scattered and unscattered photon. A scattered photon
have a weight equal the probability of interaction. The
Fig. 1 e The schematic representation of the simulated geometry of the 12 MV photon beam Saturne43 Linac with phantom
using BEAMnrc.
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interaction and cannot be forced to more interaction within
the region (Fragoso, Kawrakow, Faddegon, Solberg, & Chetty,
2009). This parameter can also be applied onto the second-
ary photons. This feature is particularly useful to improve
efficiency calculation especially when combined with
bremsstrahlung photon splitting.
2.3.3. Bremsstrahlung Photon Splitting and Russian roulette
Bremsstrahlung Photon Splitting is a technique which con-
tributes significantly andwidely used to improve the statistics
of photon beams generated by an interaction of primary
electrons with the target. The photons resulting can be sub-
divided to N photons (NBRSPL) which each photon has a
weight equal to NBRSPL1. In BEAMnrc three options of
bremsstrahlung photon splitting available are Directional
(DBS), Uniform (UBS) and Selective (SBS). These techniques
require the user to define the NBRSPL, field size and SSD. Two
common variance reduction techniques used in Monte Carlo
photon transport problems are Russian roulette and splitting,
both originally proposed by J. Von Neumann and S. Ulam. In
BEAMnrc user code the Russian roulette feature have been
added for optimize both UBS and SBS (not required for DBS).
The combined of Photon Splitting and Russian roulette in
PENLOPEMonte Carlo code increases the efficiency by a factor
of 45, when an Elekta SL25 linac was simulated (Rodriguez,
Sempau, & Brualla, 2012).a. Selective Bremsstrahlung Splitting (SBS)
Bremsstrahlung photons can be emitted in all directions by
an electron, but these photons have a higher chance to aiming
toward the Field Of Interest (FOI) at the time of emission.
Normally, most of the photons emitted by electron are
absorbed in the head components of an accelerator. So few of
photons arrive to under the jaws of a linac head.
Sheikh-Bagheri and Rogers developed a technique called
Selective Bremsstrahlung Splitting (SBS) for avoid the problem
of absorption the photons outside the FOI (Sheikh-Bagheri,
1998).
SBS uses a variable number of bremsstrahlung splitting
that depends on the probability of photon emission directed
towards the FOI. The probability is precalculated for different
incident electron directions. The splitting number is selected
during the simulation and according to the probability be-
tween the maximum electrons number moving forward and
the minimum electron number moving backwards. The min-
imum splitting number is typically 1/10 of the maximum.
Although SBS substantially reduces the time needed to
simulate the photons that do not reaching into FOI, it in-
troduces a non-uniform distribution of statistical weights
which leads to a lower efficiency than theoretically possible.
(Sheikh-Bagheri, 1998; Sheikh-Bagheri et al. 2006) found
that the efficiency improves by a factor of 2.5e3.5 compared to
UBS and it increases by ~20 times without splitting.
J o u rn a l o f R a d i a t i o n R e s e a r c h and A p p l i e d S c i e n c e s 9 ( 2 0 1 6 ) 4 2 4e4 3 0 427b. Uniform Bremsstrahlung Splitting (UBS)
UBS was introduced to BEAMnrc code in 1995 by Rogers
et al. then developed in 1999 by (Sheikh-Bagheri, 1998), and in
2000 was the last modification of this technique by Sheikh-
Bagheri et al. Sheikh-Bagheri.
When using UBS, a photon produced in a way of brems-
strahlung or annihilation can be divided them to N photons
everyone has a weight equal w0/Nsplit. In this way the Nsplit
photons count statistically larger than the one photon that
would be produced in the normal simulation without split-
ting. Many of fat photon will interacted with the components
of head before leaved it or absorbed locally. Electrons and
positrons, which was launched in such interactions will
inherit the statistical weight of the photons. If UBS used the
Electrons and positrons will have a weight of w0/Nsplit. So
the photon emitted by an electron or positron secondary
would be spilt to Nspilt will have a weight about w0/N2split,
w0/N3 split, etc … This undesirable and consequently is not
the division of the highest interaction order. In this case to
increase the efficiency of simulation; the technique Russian
roulette uses to avoid the interaction of secondary particles
charges resulting from the interaction of photons with the
head components. The simulation efficiency improved by up
to an 8 (without RR) and about 25 (with RR) when UBS applied
(Kawrakow, Rogers, & Walters, 2004; Sheikh-Bagheri et al.
2006).
c. Directional bremsstrahlung splitting (DBS)
DBS technique was introduced in 2004 by Kawrakow,
Rogers, and Walters. In this case, the photons in FOI have the
same weight and eliminating the need for Background split
(Kawrakow et al. 2004). DBS parameter depends on the
accelerator geometrical and the photons energy. DBS is
influenced by the field size (Rogers et al., 2001).
(Τsiamά2, 2008) found that in mode of photon beam simu-
lation, the dose efficiency of DBS up 6 times higher than SBS
and up to 26 times higher than UBS. If an electron or positron
has a bremsstrahlung or annihilation event. It can to spilt
these events to NBERL times by DBS technique. All of N photon
has a weight equal 1/NBERL.
The photons have been tested whether or not it is aimed
into the splitting field which defined by SSD and field size (FS).
If it is, the photon is kept and it is called no-fat (has low
weight). If not, then Russian roulette is played on the photon
by comparing a random number to a survival threshold of
NBRSPL1. If the random number is less than this number,
then the photon is kept and its weight multiplied by NBRSPL.
So it is considered as a fat (high-weight) photon.
DBS results in many non-fat photons inside the splitting
field (have the same low weight) and few fat photons outside
the splitting field. On the contrary, in SBS the photons possess
various weights inside the field.
In DBS the total gain of inefficiency compared to a simu-
lation without any splitting of ~150 when electron splitting is
employed and therefore good statistics are achieved for
contaminant electrons, or of ~500 when electron splitting is
not employed and therefore only useful for photon-only
quantities (Sheikh-Bagheri et al. 2006).3. Results and discussion
We calculate the efficiency ε of a Monte Carlo simulation by
the following equation:
ε ¼ 1T*s2
Where, T is the CUP time of calculation, s is an estimate of the
variance (s 2) on a quantity of interest fluence or dose on
central axis.
VRTs which are available in BEAMnrc do not modify the
results of simulation compared to analogue calculation
(without VRT) (Kawrakow & Fippel, 2000).
Firstly, each technique has been individually tested using
6 106 histories. The uncertainty s was estimated on the
absorbed dose at 10 cm. Our results are summarized in the
following table.
From Table 1 it is clear that the simulation efficiency have
different values in each VRT technique. The best efficiency
value obtained when DBS technique was used (Directional
Bremsstrahlung splitting). The efficiency improves about 69
times comparing with SBS and the analogue (without split-
ting) cases and 250 times comparing with UBS. Also a negative
impact on the simulation statistics when UBS activated.
Splitting of electron or photon (ICM_SPLIT) parameter has
been tested without other techniques. It is clear in the Table 1,
improving the efficiency of simulation about 43 times
compared with analogue simulation. And it is better than UBS
and SBS. In ICM_SPLIT, the splitting component and the
splitting number of electron and photonsmust be determined.
In this paper the splitting happened in the last component
above the phantom.
We conclude that DBS and ICM_SPLIT improve the effi-
ciency of simulations when the techniques have been applied
individually.
In the next step, we increased the histories number in
order to identify its impact on the simulation efficiency, Table
2 summarizes our results.
Through Table 2, we note that the difference rate in effi-
ciency among the various techniques is equal with the pro-
portion in Table 1.
The UBS (Uniform bremsstrahlung splitting) was excluded
In Table 2 because we need about one month for simulating
200 million particles.
The same as the previous result, DBS variance reduction
technique has the highest efficiency.
Bremsstrahlung Photon Splitting is a technique that have a
significantly contribute to enhance the statistics of brems-
strahlung photons generated by interaction the electrons with
matter or target.
Three options (DBS, SBS and UBS) were comparedwhenwe
simulate 6  106 histories. It have been applied with other
techniques as (photon forcing, rang rejection, Enhance cross
section and splitting of photon and electron). Table 3 contain a
summary of results.
In each simulation the same number of initial particles
have been applied, the time consumed to complete the
simulation and the values of variance are differentiated.
Normally, the used of those techniques in conjunction with
others is useful to enhance the efficiency of simulation.
Table 1 e Comparison of VRTs simulation for 12 MV photon beam.
VRTs Time (sec) s ε
Analogue 4605 0.307 0.002304
Rang rejection 2350 0.318 0.004208
Photon forcing 4578.6 0.218 0.004596
Splitting of Electron and photon 4663.8 0.052 0.079296
Bremsstrahlung splitting Selective with RR 4792 0.302 0.002288
Selective without 6553 0.32 0.00149
Uniform with RR 12880 0.352 0.000627
Uniform without 134494 0.034 0.00643
Directional 5506 0.034 0.157111
Table 2 e The Impact of histories number on VRTs simulation for 12 MV photon beam.
VRTs N of histories Time (sec) s ε
Analogue 200  106 90414.5 0.072 0.00213
600  106 286099.9 0.043 0.00189
Rang rejection 200  106 56333.5 0.076 0.003073
Photon forcing 200  106 89944.4 0.054 0.003813
Splitting of photon or electron 200  106 92457.6 0.011 0.089387
Bremsstrahlung splitting SBS with RR 200  106 95520.5 0.075 0.001861148
SBS without RR 200  106 129790 0.075 0.00137
DBS 100  106 103762.2 0.007 0.19668206
Table 3eA comparison of Bremsstrahlung splitting VRTs
simulation for 12 MV photon beam.
Bremsstrahlung splitting Time (sec) s ε
SBS without RR 2203 0.055 0.15
SBS with RR 1992 0.056 0.160079
UBS without RR 40496 0.006 0.685939
UBS with RR 10356 0.033 0.088671
DBS 10692 0.006 2.597996
Fig. 2 e A comparison of absorbed dose curves of 12 MV
photon beam of variance reduction technique and
analogue (without VRTs) simulations.
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nique is applied. It improves the efficiency by 16 times
compared with SBS, by 3.7 times (without RR) and 29 times
(with RR) compared with UBS and the efficiency increases by
1130 time compared with analogue simulation. Kawrakow
et al. (2004) found that the efficiency in a central axis depth
dose curve improves by a factor of 6.4 over SBS and by a factor
of 20 over UBS for 6 MV of 10 10 cm2 field size. Our results
have a few difference of them due to the energy of photon and
geometric of accelerator are different.
In UBS, we see that, if Russian roulette turn on, the effi-
ciency decreases compared with Russian roulette turn off.
Due to the UBS technique will spilt the highereorder brems-
strahlung photons and annihilation events that have the
splitting number equal to use for primary bremsstrahlung
events. Consequently, there is a CPU time consuming to
follow up the particles of vanishing weight.
Fig. 2 shows the absorbed dose curves with variance
reduction technique (DBS) and analogue simulation. The ab-
solute dose value at 10 cm is 3.546E-16 and 3.566E-16 Gy for
analogue and DBS simulation respectively (Table 4).
From Fig. 2. We note that the representative curve of
analogue simulation suffers of meanders and irregularities in
the dose distribution, in contrast, the Percentage Depth Dose
(PDD) curve is characterized by harmony and uniformity inthe dose distribution along the depth of the phantom when
variance reduction techniques were employed.
3.1. BEAMnrc validation
After an assessment of variance reduction techniques, the
best one of those have been applied to validate BEAMnrc MC
Simulation code.
Generally, BEAMnrc user code based on EGSnrc
(Kawrakow, 2013) MC, is used to model, simulate the linac
head and to create a phase space file which will be as a source
in DOSXYZnrc (Walters, Kawrakow, & Rogers, 2013),user code
based on EGSnrc MC, that used to perform the dose
calculation.
Table 4 e Comparing betweenMCNPX and BEAMnrc CUP time, uncertainty S on absorbed dose at 10 cm and the efficiency 3
for 12 MV photon beam.
Simulation type N of histories Time (min) Dose at 10 cm (Gy) S (%) ε
DBS (with VRTs) in BEAM 6  106 178 3.566E-16 0.6 156
Analogue BEAMnrc 6  108 4768.3 3.546E-16 4.3 0.113
MCNPX 15  108 58226.4 3.59E-16 4.3 0.009
Fig. 3 e a) A comparison of calculated and experimental relative dose curves of 10 £ 10 cm2 for 12 MV photon beam. b) The
local differences.
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has a cylindrical geometry of 20 cm radius, the central axis of
phantom divided into the small voxels which have a 0.5 cm
radius and 0.5 cm of height. The dose scored in these voxels
along the central axis of cylinder. The volume of phantom and
voxels is equivalent to the reference phantom.
To validate our model, PDD calculations and measure-
ments curves were compared for 10  10 cm2 filed size. We
used Gamma index criteria to comparing the calculation with
measurements PDD curves. Our PDD curves were normalized
at D10 (dose at 10 cm). For primary electron energy determi-
nation, the electron energies from 11.5 to 12.5 MeV with the
step of 0.1 MeVwere tested for PDDs calculations and then the
results of measurements and calculations were compared.
The value of FWHM was set at 0.2 mm.
The best match between calculated and measured PDD
determines the optimum energy of the incident electron
beam. Which equal to 11.7 MeV according to our comparison.
There is a good agreement between calculation and mea-
surement for PDDs curves of 12 MV photon beam. The local
differences obtained is less than 2%which closely equal to the
recommended value of different local between measured and
calculated (Verhaegen & Seuntjens, 2003). Fig. 3 shows the
comparison of measured and calculated PDDs curves for
10  10 cm2 filed size of 12 MV photon beam and the differ-
ences local were resulted from PDD values.
3.2. Comparison between BEAMnrc and MCNPX
(Zoubair et al. 2013) carried out previous study in our labora-
tory ERSN for simulation a Saturne43 accelerator of 12 MV for
10 10 cm2 field size using MCNPX (Monte Carlo N-Particle)
Monte Carlo simulation which is developed by Los Alamos
National Laboratory (LANL) and can be used to simulate manytypes of particles electron, photon, neutron and proton
(Anonyms 2 n.d.). She validatedMCNPX code by compared her
results with the experimental data obtained at the French
National Metrological Laboratory for ionizing radiation
(LNHB). Her Calculations have been run in parallel on a low
cost cluster composed of 11 Core2Duo PCs using the MPI
parallel protocol with up to 22 processes.
We simulate the same accelerator using BEAMnrc code by
comparing our results with the LNHB experimental data. Our
calculations have been run in a personal computer (corei3-
240 GHz). Table 4 summarizes the comparison between our
results obtained by BEAMnrc and that obtained by MCNPX
codes.
Despite the fact that MCNPX calculations have been
implemented by a cluster composed of 11 Core2Duo PCs, the
time spent for have an uncertainty equal 4.3% is 58226.4 min.
BEAMnrc CUP time consumed for 4.3% uncertainty was
4768.3min. There is amatch in the quantity of dose at depth of
10 cm in both codes.
BEAMnrc has a fast, accurate calculation and simplicity in
modeling the head geometry but MCNPX has a flexibility in
design the complex geometric.
In this case, the BEAMnrc efficiency increases about 132
times compared to MCNPX code, as shown in Table 4.
We conclude that, for calculation dosimetrics in radio
therapy, BEAMnrc has an efficiency greater than MCNPX code
in case of analogue simulation (without VRTs).4. Conclusion
Monte Carlo simulation has become a powerful method in
radiotherapy practically for dose calculation. Introducing
of variance reduction techniques and technological
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simulation. Several Variance reduction techniques available
in BEAMnrc have been studied. A Saturne43 medical acceler-
ator of 12 MV photon beam was simulated by BEAMnrc code.
Higher efficiency obtained when DBS technique have been
applied (alone or DBS combined with other techniques). It
increases the efficiency by 1130 time compared with the
analogue simulation, by 16 times compared with SBS, 3.7
times (without RR) and 29 times (with RR) compared to UBS.
BEAMnrc has an efficiency greater than MCNPX code in
case of analogue simulation (without VRTs).
There was a good agreement between measurement and
calculation for PDD curves for 10  10 cm2 filed size of 12 MV
photon beam with differences local of less than 2%. The pri-
mary electron energy was selected 11.7 MeV according to our
comparisons.
We conclude that BEAMnrc has a high capacity tomodeling
the medical accelerators in addition to calculating the radia-
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